Do quantum correlations play a role in high temperature dynamics of many-body systems? A common expectation is that thermal fluctuations lead to fast decoherence and make dynamics classical. In this paper, we provide a striking example of a single particle created in a featureless, infinite temperature spin bath which not only exhibits non-classical dynamics but also induces strong long-lived correlations between the surrounding spins. We study the non-equilibrium dynamics of a hole created in a fermionic or bosonic Mott insulator in the atomic limit, which corresponds to a degenerate spin system. In the absence of interactions, the spin correlations arise purely from quantum interference, and the correlations are both antiferromagnetic and ferromagnetic, in striking contrast to the equilibrium Nagaoka effect. These results are relevant for several condensed matter spin systems, and should be observable using state of the art bosonic or fermionic quantum gas microscopes.
Understanding the role of quantum coherence in dynamics of many-body systems at high temperatures remains a challenging open problem. Usually coherence is fragile and quickly destroyed by interaction with the environment and by local fluctuations inherent to thermal ensembles. Hence it is commonly assumed that observing quantum coherent dynamics requires preparing isolated quantum systems close to their ground states. Famous experimental demonstrations of quantum coherence, including interference of Cooper pairs in nanostructures [1, 2] or interference of atomic Bose-Einstein condensates and superfluids [3] [4] [5] , have all been achieved under these conditions. On the other hand it has been argued that quantum interference can lead to strong deviations from simple classical dynamics. For example, the breakdown of spin diffusion was predicted for the Heisenberg model even at infinite temperature [6] [7] [8] . Several important examples can be found in biophysics: in photosynthesis the interplay of quantum interference and decoherence leads to a much faster energy transport than would be possible classically [9] [10] [11] ; quantum coherence has also been suggested to play a crucial role in bird navigation [12] and the chemistry of smelling [13] . Understanding how quantum interference can operate at high temperatures is therefore a crucial question, with tremendous potential for quantum information science [14] [15] [16] , condensed matter [17] and biology [18] .
Whereas it is well understood that the entanglement of a subsystem with its environment leads to dephasing that drives the subsystem towards classical behavior, the fate of quantum coherence created in the environment is much less discussed. It is conventionally assumed that the environment's coherence quickly vanishes due to dephasing among its large number of degrees of freedom [19] . Here, we show however that this is not necessarily the case. We present a surprising example, where adding a single quantum particle to an infinite temperature spin environment can lead to appreciable dynamical correlations among the spins (Fig. 1 ). We consider a system of non-interacting spins on a two-dimensional lattice, which is routinely realizable with bosonic or fermionic ultracold quantum gas microscopes. In a deep optical lattice, on-site repulsion brings the atoms into a Mott state, where each site is occupied by exactly one atom. The spins are represented by internal degrees of freedom of the atoms, such as their hyperfine states [20] or nuclear spins [21] , with N = 2S + 1 degrees of freedom, modeling a spin S system. In the limit of strong on-site repulsion, the spins completely decouple, as virtual tunneling to the neighboring sites is suppressed. This realizes a non-interacting spin system discussed here. Removing a spin on one site creates a hole that can move on the lattice at no energy cost and permute the spins during its motion [22] [23] [24] [25] (Fig. 1 a-b) . In contrast to a classical particle performing Brownian motion, that would only scramble the random spins along its path and keep the environment completely disordered, the quantum mechanical hole is capable of exploring alternative paths in parallel. As each path can lead to different permutations of the spins, the superposition of these outcomes creates entanglement in the spin bath. This leads to dynamical spin correlations in the environment, whereas individual sites remain paramagnetic. In contrast to the usual polaron effect, where a particle locally modifies its environment due to their interaction [26] [27] [28] [29] [30] [31] [32] [33] [34] , these correlations arise purely from quantum interference.
Our system is also closely related to the ideas of dissipationless decoherence [35, 36] , studied in the context of quantum information [15, 16] , condensed matter [37] and cosmology [38] . Even though there is no energy transfer between the hole and the environment, the hole's propagation is slowed down as quantum coherence is suppressed due to its entanglement with the surrounding spins as was studied in Ref. 25 . The new insight of our work is that this process also induces spin correlations in the environment (Figs. 1 and 2) , and therefore these correlations and decoherence are intimately related. The non-interacting system discussed here is special in the sense that the degrees of freedom in the environment are all degenerate, which suppresses the effects of dephasing. In fact, during the time scale of our simulations, these correlations remain finite.
We identify the interference terms that make the hole's dynamics dependent on the environment's spin S [25] . These terms are identical to those that generate spin correlations in the environment, and they vanish exponentially in environments of large spin. Finally, we find that the simple analytical model of a hole on the Bethe lattice [39] closely approximates FIG. 1: Physical realization. a, Proposed experimental procedure. The system of non-interacting spins is realized by creating a Mott insulator of spinful atoms (black and blue dots) in a deep optical lattice. In the limit of infinitely strong on-site repulsion, the spin interaction vanishes. The hole (black) is created at the beginning of the experiment by removing one of the atoms; its position and the spin correlations in the environment can be measured after a propagation time t using a quantum gas microscope. b, As the hole moves along the trajectory indicated by arrows (top) the spins on this path are reordered (bottom). c, Spin correlations are calculated by thermal averaging over all possible spin configurations. During its dynamics, the hole explores all alternative paths simultaneously. Due to its interplay with the spins, the hole permutes each of these environments differently, leading to non-vanishing spin correlations even after thermal averaging. Right panel: Spin correlations C ol in the laboratory frame between the origin o (green site) and site l, whose coordinates are denoted by x and y. The calculations were performed at time t = 1.1 in a spin S = 1/2 environment. the hole's dynamics in a S → ∞ environment within the time scales of the simulation. It has been suggested that the dynamics of the hole should cross over from the initial ballistic to diffusive behavior at long times [25] . However, this question remained inconclusive due to the limited time available for numerical simulations. The correspondence with the Bethe lattice provides further evidence that the hole's dynamics indeed crosses over to diffusive behavior.
Results
Dynamics of charge carriers in fluctuating and disordered spin background lies at the heart of many physical systems, including high-temperature superconductors [24, 40, 41] , the paramagnetic phase of supersolid 3 He [42] [43] [44] [45] , organic materials [46] , manganites exhibiting colossal magneto resistance effect [47, 48] , and multicomponent ultracold atoms in optical lattices [20, 49, 50] . The Hubbard model provides a paradigmatic model of these systems, characterized by the nearest neighbor tunneling energy t h and an on-site repulsion between the atoms. As the spinful atoms or electrons in each of these systems repel each other strongly, they occupy individual lattice sites, realizing a Mott insulator of spins [20, 24, 49, 50] . Assuming spin-independent on-site repulsion U , a spin interaction J of the order of t 2 h /U is provided by virtual tunneling to neighboring sites, leading to the so-called t − J model [24] . The spin coupling J then vanishes in the limit of large on-site interactions U → ∞, realizing the non-interacting spin system studied here.
Despite its simplicity, the degenerate spin environment has surprisingly rich physics. As has been shown by Nagaoka [22, 23] , the ground state of the system becomes ferromagnetically ordered in the presence of a single hole, as this state provides free propagation to the hole so that it can minimize its kinetic energy. Here, we discuss the opposite limit of an infinite temperature spin environment, where the hole creates dynamical correlations among the spins. These correlations are of similar origin as the equilibrium Nagaoka effect, as they arise from the dependence of the hole's dynamics on the surrounding spin configurations: locally ferromagnetic spin domains lead to enhanced quantum coherence and to faster propagation. As the hole acts on the spins in each spin background differently, the resulting correlations are not averaged out to zero due to thermal fluctuations. However, in contrast to the Nagaoka ground state, the correlations studied in this paper are both ferromagnetic and antiferromagnetic.
Physical realization. Fig. 1 a shows a possible experimental realization of our proposal. The non-interacting spin system is realized by creating a Mott insulator of fermionic or bosonis atoms in a deep optical lattice, with a single atom per site. Tuning the lattice depth allows one to reach the limit of strong on-site repulsion U t h such that the spin interactions become negligible. The hole can be created by removing a single atom at at the origin o, with coordinates (0, 0), using a quantum gas microscope that can optically address sites independently [51] . The microscope can also measure the hole's position as well as the spin state at each site after a propagation time t. In order to account for thermal fluctuations at infinite temperature, this procedure has to be repeated many times, in each case with a different, random initial spin configuration, resulting in an averaging over all possible spin states, as we show in Fig. 1 c.
The dynamics of the hole is governed by the Hamiltonian H = −t h jl ĉ † jP jlĉl , where the operatorĉ l annihilates the hole at site l. As the hole moves from site l to j, the operatorP jl moves the spin at site j to site l. Since there is no energy cost of moving the spins around, the tunneling t h is the single energy scale of the model, and it is chosen to be t h ≡ 1, which also determines the time scale of the dynamics. After a propagation time t, the probability of finding the hole at site j is given by p j (t) = ĉ † jĉ j (t). Here, the non-equilibrium average denotes . . .
Spatial spin correlations. Induced spin correlations of the hole in a degenerate spin S = 1/2 environment in the laboratory frame (left). The reference site j is denoted by green, whereas x and y specify the coordinates of the second site l. The reference site is chosen to be (0, 0) for a, e and i; (0, 1) for b, f and j; and (1, 1) for c, g and k. The probability density of the hole, also discussed in Ref. [25] , is exhibited on the right. Results are shown at times t = 0.6 (a-d), t = 1.2 (e-h) and t = 1.
where the trace sums over all possible spin configurations Tr(. . . ) = Γ Γ| . . . |Γ and the denominator accounts for the of number spin configurations in the environment of M sites. Whereas the spin environment modifies the propagation of the hole [25] , the effect of the hole on the environment can also be observed in the form of dynamical spin correlations, that are the primary focus of this work. The correlations between sites j and l are defined as C jl (t) =
, whereŜ z j denotes the z component of the spin at that site, and it evaluates to 0 when the hole is at site j. In the initial state, off-diagonal spin correlations C j =l are averaged out to zero by thermal fluctuations. Fig. 2 shows how the introduction of the hole leads to dynamical correlations at longer times, reaching values as large as 4% near the origin in a system of S = 1/2 spins. These correlations appear as the hole extends over the lattice, so that it can build up coherence between the spins surrounding it. In the non-interacting environment, the correlations remain finite at the times available to our simulations. Since the hole cannot create spin flips, the z component of the total spin of the lattice is conserved. This leads to the conservation of the sum of off-diagonal correalations (Methods)
Therefore, the appearance of ferromagnetic correlations always need to be accompanied with antiferromagnetic ones and vice versa. The onset of spin correlations can be understood as follows. In each possible spin background, the hole permutes the spins slightly differently during its dynamics. For instance, locally ferromagnetic environments lead to slightly faster propagation due to interference terms: as the hole has no effect on ferromagnetically aligned spins, any pair of paths interfere. Spin correlations therefore evolve differently in time in each spin environment, and they are not averaged out by thermal fluctuations. Although an experimental realization of the infinite temperature spin background would involve averaging over all initial spin configurations, we estimate that the spin correlations can be observable in existing experimental setups [50, [52] [53] [54] already after a few hundred measurements with a good signal to noise ratio (Supplementary Material).
Quantum interference between paths. Similarly to the famous double-slit experiment [55] , the probability of finding the hole at any site is determined from interference between different paths. This leads to interference fringes in the probability density of the hole [25] . The hole's dynamics can be represented in terms of these paths by expanding its time evolution e −iĤt = ∞ n=0 [22, 23] . Each power ofĤ generates a step of the hole to one of its z = 4 neighboring sites. ThereforeĤ n corresponds to a collection of z n possible hole paths of total length n. During its time evolution, the hole is in the superposition state of all paths. Since the expectation value . . . (t) of experimental observables, contains both the time evolution operator and its conjugate, we need to expand both of these operators in terms of paths of the hole. These are referred to as forward and backward time evolution paths, respectively. We determine the transition probability p j (t) by summing over interference terms between all pairs of forward (α) and backward (β) evolution paths ending at site j. In order that two paths can interfere in a given spin environment, the hole needs to end up at the same site along both paths, and they need to produce the same final spin state. As the hole moves along these paths, it generates the permutationsπ α andπ β on the spins. Thus, the transition probability to site j is given by p j (t) = α,β
βπ α that is generated by the hole moving forward on path α to site j, and then returning to the origin on β. Due to the degeneracy of the spin environment, time-dependent observables cannot be evaluated using ordinary perturbation theory up to finite order in the hopping [56] (Supplementary Material). We therefore model the hole's dynamics by sampling its paths using a realtime quantum Monte Carlo algorithm [25, 57] . In order to account for the t n n! expansion parameter and the large phase space consisting of z n paths we choose random walk paths of length n from the Poisson distribution P n ∝ (zt) n n! [25] (Supplementary Material). The permutations generated by these paths are stored together with the acquired phase factors i n and we take all pairs of these paths to evaluate their contributions to the transition probabilities and the spin correlations (Methods).We evaluate interference terms between paths by calculating the thermal average . . . 0 over all spin states exactly. This allows us to determine the spin correlations to high numerical accuracy, in contrast to earlier approaches [25] .
The interference contributions between two paths strongly depend on how the spins are permuted as the hole moves along them. Paths that generate the same permutation of the spin environmentπ β =π α , are referred to as being equivalent. These paths restore the original spin configuration at the end of the combined pathπ † βπ α = 1 irrespective of the spin background, leading to maximal interference π † βπ α 0 = 1. For example, two paths that only differ in self-retracing components are equivalent [58] , as we show in Fig. 3 a. However, more complicated scenarios are also possible. The path traversing a two-by-two plaquette three times is equivalent to the trivial path, where the hole stays at the origin [59] .
Importantly, equivalent paths do not contribute to spin correlations. As they perform the same transformation on the lattice spins, thermal averaging makes the spin correlators vanish. Instead, spin correlations between lattice spins arise from pairs of inequivalent paths, that have different effect on the spins,π β =π α . In these pairs, the combined forward and backward paths always contain loops, such as those shown in Fig. 3 b-d . Depending on the initial spin state, the paths in these pairs often create orthogonal final spin configurations (Fig. 3 b) . Inequivalent paths can interfere only in specific initial spin states whereπ † βπ α acts over locally ferromagnetic domains that are restored by the combined permutation (Fig. 3 c-d ). These terms thus make the hole's propagation depend on the spin state of the lattice. Similar to the equilibrium Nagaoka effect, the correlations thus arise from the enhancement of interference terms in ferromagnetic spin domains.
Spin correlations. Fig. 4 a shows that the correlations build up gradually at short times and show slightly oscillating behavior at intermediate times. Whereas correlation between the origin and site (0, 1) as well as that between sites (1, 0) and (0, 1) are ferromagnetic, we find antiferromagnetic correlations between the origin and site (1, 1) . Fig. 2 demonstrates that correlations exist between other sites that are further away from the origin. These correlations appear gradually as the hole approaches the surrounding spins. Within the time scale of our calculations, the correlations stay finite. Their long time behavior remains an open question, which could be addressed experimentally.
To illustrate how spin correlations with different signs emerge, let us consider the lowest order contribution to the correlation between the origin o and site (1, 1). As shown in Fig. 4 b, the sites of the plaquette containing these two sites are labeled by letters A = o to D = (1, 1). We thus investigate the spin correlations C AD (t). In this case the hole needs to end up at sites j = B or C at time t to obtain non-vanishing correlations. Due to symmetry, we only need to consider the case when the hole ends up at site C. As we mentioned earlier, spin correlations can only arise from inequivalent pairs of paths. The lowest order such pair ending at site C is shown in the upper and lower panels of Fig 4 c , and we denote them as α 1 and α 2 , respectively. The diagonal matrix elements of the spin correlator vanish after taking the thermal average over all initial spin configurations, π † α1Ŝ z AŜ z Dπ α1 0 = Ŝ z B 0 Ŝ z C 0 = 0, and similarly for path α 2 . The interference terms between paths α 1 and α 2 , however, yield a nonvanishing contribution for special initial spin states, where α 1 and α 2 result in the same final spin configuration. As the combined effect of the two pathsπ † α2πα1 moves all spins to a neighboring site, the interference term is zero unless all three spins are ferromagnetically aligned. In the infinite temperature system, all spins take random values with equal probability 1/N . The probability of all three spins taking on the same configuration is given by π † α2πα1 0 = 1/N 2 . As interference terms between identical paths average out to zero due to thermal fluctuation, this term determines the sign of correlations C AD (t) = 2 (it)
at lowest order, which is negative due to the phase factors acquired by the hole along the two paths. Fig 4 a shows that the corresponding correlator C AD (t) stays antiferromagnetic at intermediate times as well, whereas C AB (t) and C BC (t) are ferromagnetic.
In order to evaluate spin correlations and transition probabilities up to any order, we consider two arbitrary paths α and β and evaluate their interference π † βπ α 0 . Permutations created by longer paths can be more complicated than the one shown in Fig. 4 (black and blue dots) . a, By definition, the two equivalent paths (black full and red dashed lines) permute any spin state identically, making the final spin state the same. Therefore, these paths interfere in any spin background. The inequivalent paths shown in b however bring the spin configuration into orthogonal final states, therefore their interference vanishes. In contrast, the paths in c and d lead to the same final state as these paths permute the spins over locally ferromagnetic regions. The dashed region in d shows the permutation cycles generated by the hole moving along the paths. Spin correlations arise from interference between inequivalent paths b-d. However, these contributions vanish in environments of large spin S → ∞. In these systems, the hole's dynamics is determined only by interference between equivalent paths a.
paths may intersect each other and themselves, the hole may permute different regions of the lattice independently, as we illustrate in Fig. 3 d. In each of these regions, the spins need to be ferromagnetically aligned to ensure that the initial and the final spin state are not orthogonal. However, the individual regions may take on different ferromagnetic states. These regions can be identified by the separate permutation cycles C a of the combined permutationπ † βπ α = Π a C a [60] . The interference term π † βπ α 0 is thus determined by the probability arise from interference between paths encircling the two-by-two plaquette, with the hole ending up at B or at C. Interference between two such paths α1 (top) and α2 requires non-orthogonality of final spin states. Therefore, all three spins on the plaquette need to be identical.
of the spins being ferromagnetically aligned in each cycle,
Here, |C a | denotes the number of spins in cycle a and N = 2S + 1 is the number of spin degrees of freedom. This interference term also contributes to the spin correlations between sites within the same ferromagnetic region, as we show in Methods. When the spins on sites π † α (j) and π † α (l) are within the same ferromagnetic domain, the matrix element π † β S z j S z lπ α is simply given by Eq. (2). In contrast, it vanishes for all other combination of sites, as the spin correlations between independent domains average out to zero. We determine both the transition probabilities and spin correlations by Monte Carlo sampling the paths and using Eq. (2) to calculate the interference between each pair of paths (Methods).
When the number of spin degrees of freedom is large, it is very unlikely to find locally ferromagnetic regions in an infinite temperature bath. Since interference of inequivalent paths relies on these domains, these contributions vanish in the limit of large spins S = ∞, as Eq. (2) shows. The strongest spin correlations can be observed in a spin S = 1/2 system. Furthermore, the interference term is also exponentially suppressed if the paths permute a large number of spins differently. The largest contribution to spin correlations thus arises from the paths that have almost identical effect on the spins. This explains why the induced spin correlations are localized within a few sites in Fig. 2 .
Hole dynamics. The dependence of the hole's propagation on the spin S of the environment has been demonstrated numerically in Ref. 25 . Here, we show that this effect can be attributed to interference between inequivalent paths, that are also responsible for the spin correlations in the environment. Furthermore, we give a simple analytic approximation of the hole's dynamics in a large spin S = ∞ environment.
In the simplest case of a ferromagnet (S = 0), all pairs of paths interfere with a maximal amplitude π †π 0 = 1. As shown in Fig. 5 , the resulting propagation is ballistic, and 1/2 grows linearly in time, with r j denoting the distance of site j from the origin. However, the propagation of the hole is slowed down in environments of finite spin, as a result of the suppression of interference terms between inequivalent paths, shown in Eq. (2) . Thus, in the S → ∞ limit, only equivalent paths contribute to the dynamics.
In order to gain insight into this limit, we investigate the propagation of the hole on the Bethe lattice [39] , shown in Fig. 5 a. The Bethe lattice is a tree graph, with the origin at the root level l = 0. Each site has z = 4 neighbors, that can be identified with left, right, up and down steps on the two-dimensional lattice. Each random walk on the Bethe lattice can thus be identified with one on the square lattice. The position of the hole on the Bethe lattice keeps full information of its two-dimensional path up to self-retracing components, and two paths interfere if and only if their endpoints are the same. Due to the geometrical constraint imposed by the graph, interfering paths cannot include loops. In particular, the Bethe lattice only allows interference between equivalent paths, that are identical except for self-retracing components, see Fig. 5 b. This construction covers most of the phase space of equivalent pairs, which determine the hole's propagation in the S = ∞ environment. Therefore, the hole's dynamics in this system is expected to be well approximated by the Bethe lattice construction.
As two interfering paths on the Bethe lattice always permute the spins the same way, the hole's dynamics on the Bethe lattice decouples completely from that of the spins. It therefore becomes a single particle problem that can be solved analytically (Methods). This behavior is reminiscent of the physics of spin-charge separation in a one-dimensional lattice [54, 61, 62] , which is equivalent to the Bethe lattice of coordination number z = 2. In that case a hole moves coherently in the lattice, while keeping the order of the spins unchanged. Although the spin-configuration depends on the hole position, this does not introduce correlations between the spins. In two dimensions, the dynamics on the z = 4 Bethe lattice is more subtle. Due to interference between equivalent paths, the average level of the graph grows linearly in time similar to one dimensional systems (Supplementary Material). However, this does not manifest as ballistic propagation on the square lattice. The RMS distance of sites on level l of the Bethe lattice be-
, which grows as d l ∼ √ 2l at large distances (Methods). Therefore, instead of ballistic propagation, we find that the hole shows diffusive behavior at long times d RMS ∼ √ 2D Bethe t, with a diffusion constant D Bethe ≈ 2.73. However, the diffusion is faster than that of a classical random walk, having a diffusion constant D cl = 2 (Methods).
The RMS distance is shown for different models in Fig. 5 . We find the usual ballistic propagation in the S = 0 ferromagnet, whereas the hole appears to cross over from ballistic to diffusive behavior in the S > 0 case at intermediate times, as was discussed in Ref. 25 . Fig. 5 shows, that although the interference between inequivalent paths are small, they lead to faster propagation in the S = 1/2 spin environment than in the infinite spin case. This difference is therefore due to the same interference terms that give rise to the spin correlations in the environment. The insight of our work is that the RMS distance of the S = ∞ model and the Bethe lattice agree within error bars of our simulation, indicating that the behavior of the two models are in very good agreement at short and intermediate times. Therefore we expect that, similar to the Bethe lattice propagation, the hole's dynamics will cross over from ballistic to diffusive behavior in an infinite spin environment.
Discussion. The spin correlations presented in this paper demonstrate a general paradigm of how originally completely disordered environment can acquire correlations due to quantum interference in the course of non-equilibrium dynamics of a particle. We emphasize that this mechanism is fundamentally different from the interaction-induced correlations in the bath discussed in Refs. [26] [27] [28] [29] [30] [31] [32] [33] [34] and can be observed at infinite temperature of the spin bath. Experimental realization of this phenomenon using ultracold atoms would provide an ideal opportunity for the study of entanglement between a particle and its environment that is usually challenging in other setups due to the fast decoherence in the environment. These experiments could also provide information on the long time dynamics of spin correlation, that remains an open question.
Further interesting questions arise about the effect of spin interactions, which appear naturally in experiments with smaller on-site interactions, whether in ultracold atomic or electronic Mott insulators. This would affect spin correlations even in an infinite temperature spin environment with interactions, as the spin correlations can be decohered by magnetic excitations of the environment. At lower temperatures, the energy cost of permuting spins leads to a strongly renormalized dynamics of the hole [29-31, 58, 59, 63-68] . Understanding this limit, and especially the interplay of multiple holes with the environment could also lead to a better understanding of the role of doping in the cuprate phase diagram [24, 40, 41, 63, [67] [68] [69] .
small error bars, as compared to performing numerical averaging over different spin configurations 25. However, around time t ∼ 1.8, the phase space of important paths becomes significantly larger than the number of our samples. Since the number of path bins L also becomes very large, calculating the interference contributions of all the L × L pairs of path bins becomes impractical. Therefore, at longer times 2 < t < 3, we calculate the RMS distance using a slightly modified version of the algorithm of Ref. [25] , but with different set of forward and backward paths. Although this method provides noisy spin correlation data, it determines RMS distance at longer times very accurately, and requires only of the order of L steps.
